The liquid-salt-cooled very high-temperature reactor (LS-VHTR) is a reactor that presents very good characteristics in terms of energy production and safety aspects. It uses as fuel the TRISO particles immersed in a graphite matrix with a cylindrical shape called fuel compact, as moderator graphite and as coolant liquid salt Li2BeF4 called Flibe. This work evaluates the thermal hydraulic performance of the heat removal system and the reactor core by performing different simplifications to represent the reactor core and the fuel compact under steady-state conditions, starting the modeling from a single fuel element, until complete the studies with the entire core model developed in the RELAP5-3D code.
INTRODUCTION
The liquid-salt-cooled Very High Temperature Reactor (LS-VHTR) is one of the promising GEN-IV reactors due to its inherent safety features and its applications for hydrogen production [1] . It combines several new technology assets such as: the use of the TRiISOtopic (TRISO) fuel particles, high operating temperatures (> 750°C), Brayton power conversion cycle, passive safety systems and low pressure liquid-salt coolant. The LS-VHTR project goal is to provide an advanced design which offers the potential for higher power output, improved efficiency of electricity production, and higher operating temperatures leading to significant reduction in plant capital costs, as well as its use in high-temperature process heat applications [2] .
The fuel of the LS-VHTR reactors is composed for coated particle called TRISO, which has a set of functional layers: fuel kernel, porous carbon layer, inner pyrolitic carbon (IPyC), Silicon carbide (SiC), and outer pyrolitic carbon (OPyC). The main functions of the various layers are heat generation in the kernel, fission product retention in the porous layer, structural integrity in both pyrolitic carbons, and fission product barrier in the SiC [3] .
These TRISO particles are incorporated into a graphite-matrix fuel compact, which, in turn, is loaded into a hexagonal fuel block which provides more control of the fuel and coolant volume fractions and geometry. This type of fuel can be subjected to temperatures up to 1600°C without damage. The TRISO fuel, a typical fuel compact and prismatic graphite block, which is the fuel assembly shape utilized in the LS-VHTR are shown in Figure 1 [4] .
For the verification of its inherent safety of LS-VHTR, it is of great importance to analyze the thermal distribution of the core. However, the detail calculation for the entire core demands excessive computation resources due to effect the TRISO particles in the fuel compact. The thermo-physical fuel properties are crucial for a modeling and ensure that the modeled fuel is responding appropriately at the proper operating temperatures in the reactor. Therefore in this work, different simplifications have been realized to represent the fuel compact in the core reactor under steady-state conditions.
In the case of LS-VHTR fuel, there is little data available on the actual thermal conductivity of the TRISO particle, the only data available from the German experience with HTGR in the 1980s [5] . the compact fuel is restricted [6] . Therefore, the aim this work was to compare several models for representing the effect of the TRISO particles in the fuel compact, homogeneous and nonhomogeneous model were studied, the assumptions were made to model the fuel compact as accurately as possible.
LS-VHTR REACTOR
The reactor core configuration was initially introduced by the General Atomic (GA) Company [7] and has been extensively studied at Oak Ridge National Laboratory (ORNL) [2, 4, 8] . In the ORNL design of the FY-2005, a total of 265 columns of 10 fuel blocks stacked axially are assembled into a cylindrical geometry with nonfueled graphite reflector blocks filling in the region between the outer diameter of the core and the reactor vessel. A plan view of the core and reflector geometry is provided in Figure 1 . [4] , based in initial design of the General Atomic (GA) [7] .
The cylindrical shape improved neutron economy, heat transfer, transport of liquid coolant and increase the total power output compared with the VHTR gas-cooled. LS-VHTR uses a closed primary cooled loop immersed in a tank containing a separate buffer salt. This design allows the use of a better salt in the primary coolant loop, that is, a salt that has better coolant properties but is not so good financially [4] . An elevation view of the FY-2005 reactor concept is shown in Figure 2 .
For the primary loop, the FLiBe was selected, because of a high value of heat capacity, good radiation resistance, very low activation and neutronic absorption. The composition of the salt is 66% LiF and 33% BeF2. The melting point is 459°C and the boiling point is 1430°C; the use of beryllium and enriched lithium makes this salt more expensive than other salts, but the overall performance is expected to be good. The advantage of the use of a molten salt is the atmospheric pressure core operation, which allows thinner and cheaper piping and vessel. Another advantage offered by FLiBe is the transparency which allows visual guidance of in-core operations during maintenance or refueling [9] .
Figure 2: Elevation view of baseline LS-VHTR reactor developed by ORNL of the FY-2005.
The baseline fuel block design considered is shown in 
METHODOLOGY
The RELAP5 code was originally designed to simulate light water reactors (LWR). The new version of RELAP5-3D includes a variety of fluids and non-condensable gases, such as light and heavy water, helium, hydrogen, nitrogen, among others. The properties of several molten salts including FLiBe and FLiNaK have been subsequently incorporated to RELAP5-3D code [10] .
The LS-VHTR core has been modelled using the RELAP5-3D code. In the developed model, 89
thermal hydraulic channels (THC) were considered to represent the 265 fuel columns of the core, that is, each thermal channel represents 3 LS-VHTR columns with the corresponding heat structure (HS). It was used 89 THC to reproduce with more details the core. The columns division to model the channels in RELAP5 is shown in Figure 4 . An initial thermal analysis of the LS-VHTR was performed in a previous work where the simulation of only one unit cell was considered in the RELAP5-3D code. Each unit cell, represented as a part of the hexagonal fuel block, was modeled to represent one coolant channel, filled with Flibe, and two fuel channels, with two gaps, immersed in graphite moderator matrix [11, 12] .
In the present work, the unit cell was repeated throughout the active part of the core and this representation to model the core reactor as it is illustrated in Figure 4 . Further two types of geometry were studied to represent this repeated cell. In Figure 6 are shown the representation of the cell used with (a) annular and (b) cylindrical geometry. It is important to note that these geometries were separately studied in different works, in which very-high-temperature reactor were modeled [13, 14] ; however, there is no clear preference of which geometry is better to represent the unit cell.
In the model, a cylindrical and annular heat structure (HS) has been implemented for the core modeling. The RELAP5 code offers the capability to model the simple fuels configurations. The
HSs simulates the power source and their outer boundary is attached to the corresponding coolant channel hydrodynamic component. They were divided axially in according with the same quantity of the thermal hydraulic channel volumes. The fuel used in the LS-VHTR is a fuel compact, made of TRISO fuel particles assembled together in a graphite moderating matrix. Finding a model that would exactly reproduce the TRISO fuel performance was intricate. The assumptions were made to model the fuel as accurately as possible.
Two models were studied for simulating the fuel compact, homogeneous and non-homogeneous model, as they are shown in Figure 7 .
Figure 7: The homogeneous and non-homogeneous model.
The homogeneous model consisted in determining the effective thermal properties of fuel compacts, using the thermal conductivity, heat capacity and volume fraction of each material of the TRISO fuel and graphite matrix. The effective thermal conductivity (ETC) properties of the compact fuel were determined by the same way as in the reference work [6] and [15] using the full version of the Maxwell's equation. The ETC gives homogenized thermal conductivity of heterogeneous material when each component is mixed randomly [16] .
The non-homogeneous model consists in using separately the thermal properties of each material of the TRISO fuel and graphite matrix, the volume of each material was calculated using the proportion of TRISO particles in the fuel compact (packing fraction).
All heat structure has 16 radial meshes or 15 The thermodynamics properties of the LiF-BeF2 were selected to perform the calculations. The point kinetics option was used in the calculations, the data of volumetric heat capacity and heat transfer coefficient of the helium in the gap and the graphite were considered. The initial conditions used to simulate the core are shown in Table 2 . The radial power distribution profile used in this work was that calculated by ORNL [4] , and axial distribution factor or internal source multiplier value was specified for each axial segment of each HS. These values are multiplied by the total power to obtain the power generated by the heat structure [10] . The axial power profile chosen is based on a profile used to model the LS-VHTR as describe in [17] .
RESULTS
The average temperatures in each material along any thermo-hydraulic channel axially, for annular and cylindrical geometry using the homogeneous and non-homogeneous model are shown in Figure   9 . Each point represents an axial node from 1 up to 25. For the homogeneous model (with annular and cylindrical geometry) the behaviors of the fuel and gap temperatures have similar behavior in relation to the axial power distribution. For the graphite and liquid salt, the temperature increases uniformly. While the temperature distribution for the non-homogeneous model (with cylindrical geometry) has the same behavior of the homogeneous model, for the annular geometry the temperature increases uniformly in all material of the TRISO.
For the homogeneous and non-homogeneous model, the high average temperatures in the fuel were found in the cylindrical geometry (1298.7 ºC and 1271.4 ºC for both models respectively) and the lower temperatures in the annular geometry (1187.5 ºC and 1093.8 ºC for both models respectively).
In Figure 10 are shown the temperatures in the heat structures radially, for annular and cylindrical geometry using the homogeneous and non-homogeneous model. The temperature distributions along the heat structure for annular and cylindrical geometries using the homogeneous and non-homogeneous model are shown in Figure 11 . The maxima temperature distributions are displaced towards the upper region of the heat structure; these are located in the axial node 18 and 19 to the cylindrical geometry using the homogeneous and non-homogeneous model respectively; 21 and 25 to the annular geometry using both models respectively. The high temperatures are located in a minor region for the cylindrical geometry; it is being smaller for the non-homogenous model. For the annular geometry, the high temperatures are located in a major region in comparison to the cylindrical geometry.
In the Table 3 is presented a comparison between the calculated results with the RELAP5-3D and the reference data for the steady state conditions. As it is possible to verify, in a general way, the simulated parameters are in good agreement with the reference data.
CONCLUSION
Thermal analysis of the LS-VHTR concept has been performed in this study using the RELAP5-3D
code for a steady state simulation. The simulations of the thermal parameters of the reactor cooled by liquid Li2BeF4 (Flibe) salt presented similar behavior in relation to those of the reference data.
The comparison between the simulated results and the reference data demonstrate that the developed model is capable to reproducing the thermal behavior of the reactor in steady state operation. More investigations are necessary mainly in relation to the heat transfer between the components of the heat structures. Future work consists in to incorporate more reactor details beyond the core in the model and also to simulate transient events.
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